Graphite-like carbon nitride inorganic compounds were synthesized from molecular 1,2,4-triazole C 2 N 3 H 3 in high pressure and temperature conditions using a DIA-type multianvil large press. It was found that the N/C content ratio of the carbon nitrides can be systematically controlled by changing the heating temperature at 5 GPa. The substitution of nitrogen for carbon in graphene layers results in the low crystallinity of the synthesized CN compounds. It should be noted that the c-axis which is equivalent of the distance between two graphene layers, decreases monotonously with increasing N/C content ratio. This is attributed to both of the smaller atomic size of nitrogen than that of carbon and Van der Waals attraction between CN graphene layers because of the different electronegativity between nitrogen and carbon.
Introduction
The synthesis technique in high pressure and high temperature conditions is useful to synthesize CN inorganic compounds. The most familiar target materials by using this synthetic technique is C 3 N 4 because cubic C 3 N 4 has been theoretically expected to be harder than diamond. 1) In addition to researches on hard materials, recent studies also focus on the capability of the CN compounds for hydrogen storage materials.
2) Accordingly, various kinds of molecular substances have been tried as a precursor so as to synthesize the inorganic CN compounds including cubic C 3 N 4 in high pressure and temperature. For example, Bordon et al. reported high pressure syntheses of the carbon nitride imide C 2 N 2 (NH) from the single-source precursor 1-cyanoguanidine under high-pressure and high-temperature conditions. 3) There are numerous reported studies related to inorganic CN compounds. 4) In the previous studies, a Laser-Heated DiamondAnvil Cell (LH-DAC) was often used to synthesize the cubic C 3 N 4 and related compounds. The manuscript by Bordon et al. above also employed the synthesis experiments by using LH-DAC.
3) Kojima and Ohfuji have recently reported an interesting report on structure and stability of carbon nitride by using LH-DAC. 5) They investigated the crystal structure of carbon nitride under high pressure and temperature up to megabar pressures using graphitic C 3 N 4 as a starting material. They reported that it transformed to an orthorhombic phase above 30 GPa and 1600 K which had similar unit cell parameters [a = 7.6251(19), b = 4.4904 (8) , and c = 4.0424(8) ¡ at 1 atm] to those of reported hydrogen-bearing carbon nitride phases such as C 2 N 2 (NH) 3) and C 2 N 2 (CH 2 ). 6) They also determined content the ratio of nitrogen and carbon (N/C) to be 4/3. We have also reported the organic-to-inorganic conversion from molecular 1,2,4-triazole using LH-DAC in the field of 15 GPa and about 2500 K. 7) It was found that the synthesized compounds had two kinds of morphology, depending on the synthesis conditions. One was a candy-like morphology of which XRD pattern indicated the amorphous state. The other was a complicated rose-flower-like one and was composed with the network of thin platelet crystals in ³nm thickness.
Although the synthesis technique in high pressure and high temperature using LH-DAC is useful to synthesize inorganic C N compounds, as mentioned above, it is difficult to control the heating temperature of a sample in DAC when the LH-DAC is employed for the syntheses. This means the difficulty of the systematic studies concerned with the high pressure synthesis of the C 3 N 4 . Therefore, we have studied the synthesis of inorganic CN compounds as a function of temperature using a multianviltype large volume press by which we can control the sample temperature precisely. In this study, inorganic CN compounds have tried to be synthesized from molecular 1,2,4-triazole as a starting material which has a five-membered ring of carbon and nitrogen atoms, and the nitrogen content, morphology and crystal structure of the synthesized CN compounds were evaluated.
Experimental procedure
Samples were synthesized by a high-pressure and hightemperature method using a DIA-type multianvil press apparatus. The stating material was a white powder of 1,2,4 triazole (C 2 N 2 H 3 ; 98% purity, ALDRICH). The sample cell assembly for the high-pressure and high temperature treatments is shown in Fig. 1 . The powder was encased in a BN capsule. The treatment pressure was fixed at 5 GPa and the heating temperatures were 3001000°C. The pressure was increased up to 5 GPa for about 20 min, and then the temperature was increased at a rate of 100°C/min up to the target temperature. The sample was heated for 30 min and then cooled down rapidly to room temperature in a few seconds by turning off the heater. After these treatments the pressure was decreased to ambient pressure.
After the samples were recovered at ambient pressure, they were subjected to the powder X-ray diffraction (X-ray source; Cu-K¡) and Raman spectroscopy (Excitation laser; 514.5 nm, 100 mW) experiments in order to be identified. They were also inspected by a Scanning Electron Microscopy (SEM)-Energy Dispersive X-ray spectroscopy (EDX) analyses for observation of morphology and analysis of nitrogen and carbon ratio N/C. The N/C content ratio was also measured by the Rutherford backscattering spectroscopy (RBS) at the Wakasa Wan Energy Research Center. 8) In this measurement, 2-MeV He 2+ ions from a tandem accelerator were used for the incident beam, and scattered ions were detected at 150 degree. The obtained RBS spectra were analyzed using SIMNRA code 9) and then the N/C ratio was evaluated based on these analyses.
Results and discussion
All recovered samples were black. It is interesting that they were not sintered and quite brittle to be easily broken by a tweezers although they were heated at 5 GPa, as shown in Fig. 2 (SEM image). This is clearly different from the general results of hard sintering syntheses of inorganic compounds in GPa range pressures. This suggests that some gas or fluid such as H 2 , N 2 and NH 3 was probably produced during the treatment of 1,2,4 triazole under high pressure and temperature. Figure 3 shows the heating temperature dependence of the XRD patterns of the recovered samples after heating at high pressures and temperatures. All XRD patterns show a diffraction around 26°which corresponds to the 002 reflection line of the graphite structure. This indicates that all recovered samples have a graphite-like structure. It should be noted that the reflection angle depends systematically on the heating temperature. Since the d-value of the 002 reflection is equivalent to the distance between graphite layers, the inter-layer distance also changes systematically depending on the heating temperature, as shown in Fig. 4 . The d-value increases rapidly with increasing heating temperature and then almost saturates above about 600°C. The saturated d-value is close to that of pure graphite and suggests that most of nitrogens are removed by heating temperature above 600°C at 5 GPa.
It should be also noted that the 002 reflection of all samples are broad, indicating low crystallinity, i.e. bumpy graphene layers in the graphite-like structure of the recovered samples. Figure 5 shows the Raman spectrum of the recovered sample heated at 500°C and 5 GPa. The peaks basically corresponding to the D and G bands of the graphite in this spectrum are also broad, which is consistent with the broad reflection peak of the XRD pattern. This is attributable to the substitution of nitrogens for carbons in the graphene layers. Two types of the substituted nitrogen state can be proposed as shown in Fig. 6 . One is shown in Fig. 6(a) , i.e. 3 . Heating temperature dependence of XRD patterns of recovered samples after heating at 5 GPa. The triangular symbols represent the diffraction peak derived from the synthesized inorganic CN compounds while the circular symbols correspond to the diffraction peaks from NaCl which was used as internal standard material. the substituted nitrogen has three bonds with neighboring three carbons. This atomic arrangement in the layer is basically the same as that of the graphite. The other is shown in Fig. 6(b) , in which the nitrogens have two bonds with carbons in the layer.
Teter and Hemly proposed a structural model of the graphitetype C 3 N 4 . 10) In their model there are two types of nitrogen as shown in Fig. 6 . We have calculated the bond distance between carbon and nitrogen using their structural data; 1.44 ¡ for the former type in Fig. 6 (a) and 1.32 ¡ for the latter in Fig. 6(b) . In addition, the distance between two carbons in the pure graphite is calculated to be 1.42 ¡ using the reported structural data. 11) Therefore, when nitrogens are substituted for carbons in the graphene layers, the layers are curved and bumped because of the difference among CC and two CN bond distances mentioned above. As a result, the layered CN structure has lower crystallinity than pure graphite one and results in the broad 002 reflection in the XRD pattern in Fig. 3 .
It should be noted again that the 2ª scattering angle and broadness of the 002 reflection depend systematically on the heating temperature at 5 GPa. This suggests that the nitrogen content of these recovered samples also changes depending on the heating temperature. Accordingly, we have analyzed their nitrogen content by two methods, i.e. RBS spectroscopy and SEM-EDX. The RBS spectra are shown in Fig. 7 as a function of the heating temperature. The nitrogen/carbon content ratio (N/C) of all samples estimated by the two methods are listed in Table 1 and also shown in Fig. 8 as a function of the heating temperature. It is found that the N/C, i.e. nitrogen content decreases rapidly with increasing heating temperature and almost become constant above about 600°C. However, it should be noted that nitrogen still remain even after heating at 1000°C.
Since the d-value of the 002 reflection may be related to the nitrogen content, it is interesting to plot the relationship between the N/C ratio and d-value of the 002 reflection. Figure 9 shows the d-value as a function of the ratio of carbon and nitrogen, N/C. It should be noted that the d-value decreases monotonously with increasing N/C ratio, i.e. being substituted by nitrogen for carbon. Two main reasons for this relationship can be expected. One is the difference of atomic size between carbon and nitrogen. Since nitrogen atom is smaller than carbon one, the substitution by nitrogen for carbon results in the decrease of the distance between graphene layers. The other is the Van der Waals attrac- tion between graphene layers, as shown in Fig. 10 . Carbon atoms in pure graphene layer is formed by a strong sp 2 hybridized bondings. On the other hand, the inter-layer interaction is a weak Van der Waals force. When nitrogen is substituted for carbon, the nitrogens slightly attract electrons around neighboring carbons because of the difference of the electronegativity between nitrogen and carbon, i.e. nitrogen has higher electronegativity than carbon. Therefore, nitrogens are charged to be negative locally and the other part are to be positive, as shown in Fig. 10(b) . As a result, the negatively charged part (¤¹) and positively one (¤+) are attracted with each other between two layers, as shown in Fig. 10(c) . This results in the decrease of the inter-layer distance with increasing nitrogen content, i.e. N/C ratio.
Conclusions
High pressure synthesis of inorganic CN compounds has been investigated as a function of temperature using a DIA-type multianvil press apparatus by which we can control the sample temperature precisely. The inorganic CN compounds have tried to be synthesized from molecular 1,2,4-triazole C 2 N 3 H 3 systematically as a starting material which is an organic compound having a five-membered ring of carbon and nitrogen atoms, and be investigated from the viewpoints of nitrogen content and crystal structure.
Graphite-like carbon nitride inorganic compounds have been successfully obtained in high temperatures above 4001000°C at 5 GPa. The N/C content ratio of the carbon nitrides can be systematically controlled by the heating temperature. The substitution of nitrogen for carbon in graphene layers results in the low crystallinity of the synthesized CN compounds because of the difference of CC and CN bond lengths. Furthermore, it should be noted that the distance between two CN graphen layers increases monotonously with increasing N/C content ratio, i.e. being substituting by nitrogen for carbon. One of the reasons for this relationship is the larger atomic size of nitrogen than that of carbon. The other is the Van der Waals attraction between CN graphene layers which results from the different electronegativity between nitrogen and carbon. 
